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Biocatalyst robustness toward stresses imposed during fermentation is important for efficient bio-based production. Osmotic
stress, imposed by high osmolyte concentrations or dense populations, can significantly impact growth and productivity. In or-
der to better understand the osmotic stress tolerance phenotype, we evolved sexual (capable of in situDNA exchange) and asex-
ual Escherichia coli strains under sodium chloride (NaCl) stress. All isolates had significantly improved growth under selection
and could grow in up to 0.80M (47 g/liter) NaCl, a concentration that completely inhibits the growth of the unevolved parental
strains. Whole genome resequencing revealed frequent mutations in genes controllingN-acetylglucosamine catabolism (nagC,
nagA), cell shape (mrdA,mreB), osmoprotectant uptake (proV), andmotility (fimA). Possible epistatic interactions between
nagC, nagA, fimA, and proV deletions were also detected when reconstructed as definedmutations. Biofilm formation under
osmotic stress was found to be decreased in most mutant isolates, coupled with perturbations in indole secretion. Transcrip-
tional analysis also revealed significant changes in ompACGL porin expression and increased transcription of sulfonate uptake
systems in the evolved mutants. These findings expand our current knowledge of the osmotic stress phenotype and will be useful
for the rational engineering of osmotic tolerance into industrial strains in the future.
Escherichia coli, an important industrial microorganism for theproduction of a wide variety of fine chemicals, fuels, and pro-
teins, has been extensively targeted to improve its suitability as a
biofactory. Strain development efforts have focused on improving
tolerance of feedstocks containing toxic compounds (1, 2) or
products (3, 4).Many environmental variables, including osmotic
pressure, can negatively impact biocatalyst performance (5). Use
of nonconventional waste streams, such as waste glycerol or
brackish water sources, to support microbial growth can also re-
duce process costs (6, 7) while reducing pressure on fresh water
resources; however, these carbon andwater sources generally con-
tain high concentrations of salt that may be inhibitory to micro-
bial growth. In addition to osmotic stresses, excess Na can dis-
rupt the ion homeostasis in E. coli as well (8). Previous studies
have attempted to engineer improved osmotic tolerance in E. coli
(9, 10), but overall, knowledge of the genetic mechanisms that
confer tolerance of osmotic stress in general or to specific os-
molytes remains limited. A detailed analysis of E. coli osmotoler-
ance to osmolytes would therefore provide new insight into the
molecular mechanisms underlying this complex phenotype.
Adaptive laboratory evolution (11) is a promising approach to
identify potentially novel osmotic tolerance mechanisms, as this
technique requires no assumptions about the underlying geno-
type-phenotype relationship. Complex phenotypes, such as en-
hanced resistance to biofuels (3, 4, 12), lignocellulosic hydroly-
sates (2, 13), antibiotics (14, 15), and environmental conditions
(16), have all been successfully characterized using this approach.
In this study, sodium chloride (NaCl) was selected as the osmotic
inhibitor. A recent evolutionary study aimed at characterizing
cross-adaptation between several different stressors detected sev-
eral potential mechanisms in a single evolved NaCl-tolerant iso-
late (17), but due to the possible existence of multiple adaptation
mechanisms, additional information is needed to better under-
stand the genetic bases of osmotolerance.
In order to identify novel genetic mechanisms for osmotic
(NaCl) tolerance, we have utilized adaptive laboratory evolution
to generate osmotic-tolerant mutants of two distinct E. coli
strains: one capable of in situ recombination to reduce clonal in-
terference between osmotolerant mutants and another, com-
pletely asexual strain (15). These strains will enable a comparison
between the sexual evolution system and typical evolutionary en-
gineering approaches for an industrially relevant phenotype. After
being propagated for approximately 150 generations in the pres-
ence of increasing concentrations of NaCl, osmotolerant mutants
were isolated, characterized, and sequenced to identify any genetic
changes that occurred during evolution. The elucidated resistance
mechanisms were then explored phenotypically to better under-
stand their potential impact on E. coli physiology. Transcriptomic
analyses of severalmutants were subsequently conducted to better
characterize the genotype-phenotype connection that resulted in
enhanced osmotolerance.
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MATERIALS AND METHODS
Bacterial strains and growthmedia. All strains used for evolution in this
study were previously developed BW25113 derivatives (15). Briefly, Hfr-
2xSFX is a conjugation-proficient, surface exclusion-deficient Hfr
strainwith an operon of F transfer proteins integrated at the trp locus (18).
Recombination is therefore more frequent for the Hfr-2xSFX strain
than for an Hfr strain with intact surface exclusion, which acts to prevent
redundant transfer between Hfr and F strains (19). 2xOriT, an F
strain, was used as an asexual control. Knockout strains were obtained
from the Keio collection (20), while ASKA overexpression plasmids were
transformed into BW25113 from the original AG1 host (21) for both
overexpression and compensatory assays. The kanamycin resistance
marker in the Keio strains was also removed by transformation with
pCP20 as needed for strain construction and screening (22). The full list of
strains and plasmids used in this study is given in Table S1 in the supple-
mental material. Minimal M9medium supplemented with 0.5% (wt/vol)
glucose and 50g/ml tryptophan (15, 18) was used for routine cultivation
and growth assays, while Luria-Bertani (LB) broth and agar plates were
used for strain isolation, transformation, and other analyses where indi-
cated. Sodium chloride (JT Baker) was utilized to adjust the osmotic
strength of the medium during the evolution and for subsequent growth
assays.
Evolution experiment. Adaptive laboratory evolution was conducted
via serial batch transfer experiments to improve the osmotic stress toler-
ance of Hfr-2xSFX and 2xOriT in parallel. Six replicate populations for
each strain were inoculated from independent colonies to initiate the
evolution experiment in 0.55 M (32 g/liter) NaCl and increased to 0.6 M
(35 g/liter) NaCl after one serial transfer. Approximately every 24 h, a
proportion (typically 1 to 3%, based on cell density) of each replicate
population was diluted into freshmedium to ensure that each population
underwent approximately 6 or 7 generations per transfer for a total of 150
generations. Sodium chloride concentrations were periodically increased
from 0.6 M to 0.75 M (32 to 35 to 44 g/liter), as fitness increases were
observed in population level data every 24 generations (Fig. 1); the daily
concentration of NaCl in each replicate set is shown in Fig. S1 in the
supplemental material. The initial NaCl concentration was chosen to re-
duce the growth rates of the ancestral strains by approximately 50%. The
fitness (S; equation 1) of the evolving populations relative to their ances-
tral parents was determined every 24 generations using growth assays in
microtiter plates to track their rates of adaptation; 0.6M (35 g/liter) NaCl
was used for the initial fitness measurement at generation zero to account
for the lower initial tolerance of the Hfr strains, and 0.65 M (38 g/liter)
NaCl was used thereafter. The specific growth rate () was calculated by
linearizing themeasured growth curves and calculating the slope in expo-
nential growth phase using standard regression procedures. The subscript
i refers to the measured growth rate for the ith population or mutant
under investigation.
A logarithmic model (equation 2) was then fitted to the fitness mea-
surements (S; see below) for each population and used to calculate their
overall rate of improvement throughout the evolution experiment based
on the expected shape of the improvement curve (16), where the constant
 is a shape parameter for the logarithmic curve. The variable t refers to
the number of generations that have occurred since the initial inoculation
of the experiment. Potential external contamination and cross-contami-
nation of the experiment were monitored as described by Winkler and
Kao (15).
S
i
2xOriT
 1 (1)
S(t)  log(t) (2)
Mutant isolation and screening. One clonal isolate was randomly
obtained from each evolved population (to ensure mutational indepen-
dence) at the end of the evolution experiment after streaking the evolved
populations onto LB agar for single colonies. Isolates from the Hfr-
2xSFX and 2xOriT populations are prefaced with G and A, respectively.
All isolates were propagated inM9minimalmediumwithout excess NaCl
for at least 10 generations prior to any phenotypic analysis. All cultures
were grown in glucose minimal medium with tryptophan overnight and
diluted 100-fold (optical density at 600 nm [OD600] 0.04) intomedium
containing various stressors for growth over 24 to 36 h. Cross-adaptation
was analyzed using several general stress conditions (excess glucose [54
g/liter], n-butanol [0.8% vol/vol], mild acid stress pH [pH  6.0], or
elevated temperature [42°C]) with two biological and 4 technical repli-
cates per strain per condition.While these stressors would bemore severe
in an industrial fermenter, the purpose of this assay is to analyze incidental
phenotypic changes associated with osmotic tolerance. All growth assays
were performed in 96-well microtiter plates using a plate shaker and in-
cubator (TECAN Infinite M200) at 37°C (except for thermal stress as-
says). Relative fitness (S) and improvement (RI) of the ith mutant were,
respectively, calculated for each condition using equations 1 and 3. Sub-
scripts C and U refer to challenged and unchallenged maximum growth
rates, respectively, whereC can be any of the stress conditions listed above
and sodium chloride stress.
Fitness assays for knockout, overexpression, and compensatory assays
were conducted in screw-cap tubes with 5 ml of M9 minimal medium,
supplemented with glucose, tryptophan, and 0.55 M (32 g/liter) NaCl. A
lower concentration of NaCl was used for these assays to permit gathering
of a full growth curve within 24 h. OD600 readings were taken every 2 h
until exponential growth had been sustained for at least 3 doublings. Fit-
ness of the overexpression and knockout strains relative to the appropri-
ate references (empty vector controls for the overexpression strains,
BW25113 for knockout strains) was then calculated using equation 1.
Three biological replicates per strain were analyzed.
RI
i,C ⁄ i,U
2xOriT,C ⁄ 2xOriT,U
 1 (3)
Fitness distribution analysis. Six randomly isolated clones were ob-
tained by streaking from each of the evolved Hfr-2xSFX and 2xOriT
replicate populations (for a total of 36 random isolates per strain). Each
colony was inoculated into 2 ml glucose minimal medium supplemented
with tryptophan and allowed to grow for 24 h. The fitness of each isolate
(relative to 2xOriT) was then determined using growth in a microtiter
FIG 1 Average fitness improvements for the Hfr-2xSFX and 2xOriT popu-
lations, relative to the 2xOriT parent strain during evolution in the presence of
high sodium chloride concentrations. NaCl concentrations used during fitness
assays were 0.6M (35 g/liter) for the first measurement and 0.65M (38 g/liter)
for all subsequent measurements. Fitness is defined as Spop/2xOriT 1 in
this case, where pop refers to the population average growth rate for each
evolving population under NaCl challenge. Error bars are 95% confidence
intervals using the Student t distribution.
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plate under 0.65 M (38 g/liter) NaCl challenge, as described previously.
Four technical replicates were used per screened isolate.
Mutation rate under osmotic stress. The mutation rates of Hfr-
2xSFX and 2xOriTweremeasured using a standard fluctuation test (23)
under 0.55 M (32 g/liter) NaCl stress to determine if the strains have
unequalmutation rates under osmotic stress, whichwould influence their
relative adaptation rates. For 2xOriT, the mutation rate is 1.43 mutants
per 109 cells (95% confidence interval of 0.72 to 2.31); for Hfr-2xSFX,
themutation rate is 1.52mutants per 109 cells (95% confidence interval of
0.71 to 2.54). The difference in mutation rate between the strains is not
statistically significant.
Hyperosmotic shock tests. Single colonies of each isolate (G1 to G6
and A1 to A6) and the parental controls were inoculated into glucose
minimal medium and allowed to grow overnight. The stationary-phase
cultures were then diluted in fresh medium and propagated until mid-
exponential phase (OD600 0.3 to 0.6). The cultures were then normal-
ized to equivalent optical densities, pelleted, and resuspended in glucose
minimal medium supplemented with 5.45 M (319 g/liter) NaCl and in-
cubated at 37°C for 2 h. Each sample was then serially diluted up to
10,000-fold in minimal medium, spotted on LB plates, and incubated
overnight at 37°C. The numbers of colonies in each 1,000 to 10,000
dilution were then counted. Each assay was performed in duplicate with
independent biological replicates.
Genome sequencing and verification. The evolved Hfr-2xSFX (G1
to G6) and 2xOriT (A1 to A6) isolates, along with the unevolved parental
strains, were sequenced to discover the genotype underlying the observed
sodium chloride tolerance. Genomic library preparation and sequencing
were performed by The Texas A&M Genomics Center for sequencing on
the Illumina HiSeq 2500 platform using 100-bp single-end reads. An av-
erage of 286-fold coverage was obtained for each isolate. Reads were as-
sembled against theMG1655 reference genome, and eachmutant genome
was compared to the parental sequences to identify any de novo muta-
tions. The approach to mutation verification depended on the type of
mutation; 11 single nucleotide polymorphisms (SNPs) and deletionswere
verified with Sanger sequencing, and other large deletions were verified
with junction-specific PCR (see Table S2 in the supplemental material).
Transcriptional analysis.Two biological replicates of A2, A4, G2, G3,
G5, andG6were used formicroarray analysis. Two colonies of each strain
along with the 2xOriT (A parent) and Hfr-2xSFX (G parent) were in-
oculated into glucose minimal medium supplemented with tryptophan
and grown overnight at 37°C with shaking. A total of 500 l of each
overnight culture was diluted 50-fold (OD600 0.02) into 250-ml baffled
flasks containing 25 ml of glucose minimal medium, supplemented with
tryptophan and 0.55M (32 g/liter)NaCl. Sampleswere grownuntil reach-
ing an OD600 of approximately 0.5 and were then harvested by rapid
filtration (Nalgene) followed by immediate resuspension in 5 ml of
RNAlater (Sigma). RNA processing was done as described previously (24).
Indole and biofilm measurements. The G2, G3, G5, G6, A2, and A4
mutants, along with the Hfr-2xSFX and 2xOriT parental strains, were
grown in M9medium supplemented with 0.55 M (32 g/liter) NaCl, 0.5%
(wt/vol) glucose, and 50 g/ml tryptophan until reaching stationary
phase. Extracellular indole concentrations were measured using standard
procedures withKovac’s reagent (25). Biofilm formationwasmeasured in
96-well plates with 2 biological and 8 technical replicates per strain in
either LB or glucose minimal medium supplemented with NaCl (0.55 M,
32 g/liter) and tryptophan using a previously established protocol (26).
Biofilm data are normalized by final biomass density (OD600) and by
specific biomass formation of the parental strains.
Microarray data accession number.Microarray data were deposited
in the Gene Expression Omnibus (GEO) database under accession num-
ber GSE51611.
RESULTS AND DISCUSSION
Evolution under NaCl challenge. Six replicate populations of
2xOriT and Hfr-2xSFX were subjected to gradually increasing
NaCl concentration (0.55 to 0.75 M, 32 to 44 g/liter) over the
course of approximately 150 generations. Over this time course,
significant fitness improvements were observed in all evolving
populations (Fig. 1), indicating the successful selection for osmo-
tolerant mutants in each population. Compared to the observed
rates of fitness improvement in the 2xOriT populations (4.54 
103/generation), the rates of fitness improvement in Hfr-
2xSFX populations are significantly larger (6.70 103/gener-
ation, P	 0.003, Student’s t test). However, it is possible that due
to the initial higher sensitivity of Hfr-2xSFX to NaCl, mutants
with larger fitness improvements tended to arise in the sexual
populations as a result of stronger selection, leading to an appar-
ent increase in the adaptation rate independent of recombination.
Interestingly, mutant isolates from the Hfr-2xSFX populations
tended to have higher relative fitness values than those from the
2xOriT populations, as discussed below. All populations reached
similar phenotypic endpoints by the conclusion of the experi-
ment. No loss of mating competence was observed in the Hfr-
2xSFX populations over the course of the experiment.
Mutant characterization. A single randomly isolated clone
from each Hfr-2xSFX (G1 to G6) and 2xOriT (A1 to A6) pop-
ulation was subjected to detailed analyses to identify any novel
phenotypes that arose during evolution alongside osmotolerance.
Allmutants had significant improvements in relative fitness under
NaCl challenge (Fig. 2A), though is it possible that mutations that
enhance growth in minimal medium (27) are responsible for the
apparent tolerance increase. However, only G3 andG4 had signif-
icantly improved growth rates in the absence of stress (Fig. 2F).
When the observed general fitness benefits in the absence of abi-
otic stressors were accounted for by calculating mutant relative
improvements under NaCl stress (see Fig. S2 in the supplemental
material; see also equation 3), all mutants remained significantly
more tolerant than the unevolved 2xOriT strain; these strains
likely have acquired mutations beneficial to both growth in min-
imummedium and inNaCl-challenged conditions. Furthermore,
all isolated mutants were capable of growth at 0.80 M (47 g/liter)
NaCl, a concentration that completely inhibits growth of the
2xOriT and Hfr-2xSFX parent strains (see Fig. S3 in the supple-
mental material). In light of the improved NaCl tolerance of the
mutants, we also examined their ability to withstand prolonged
shocks under hyperosmotic conditions (5.45M, 319 g/liter NaCl).
While most mutants had no improvements in survival relative to
2xOriT under these conditions (data not shown), G3 and G6 rap-
idly lost viability, exhibiting a 10-fold or more decrease in shock
tolerance. It is possible that survival under extreme NaCl concen-
trations versus growth at lower concentrations requires divergent
tolerance mechanisms.
Osmotic tolerance and other complex phenotypes. Resis-
tance to osmotic stress is known to affect other phenotypes of
industrial interest, such as n-butanol or low pH tolerance (17, 28)
and growth at elevated temperatures (29). Growth assays of the
mutants in the presence of inhibitory levels of glucose, 0.8% n-bu-
tanol, mild acidic pH, and thermal stress (Fig. 2B to E) revealed
that the observed tolerance phenotypes aremostly specific toNaCl
resistance alone. The G3 and G4 isolates exhibited increased tol-
erance of stress-inducing glucose concentrations (10). Glucose
and thermal tolerance levels of the other isolates were generally
similar to or slightly below that of the wild-type reference, so it is
unlikely that there is a fundamental incompatibility between os-
motic tolerance and these phenotypes in general. The acid toler-
Unraveling Osmotolerance in Escherichia coli
June 2014 Volume 80 Number 12 aem.asm.org 3731
 o
n
 Septem
ber 11, 2018 by guest
http://aem
.asm
.org/
D
ow
nloaded from
 
FIG 2 Relative fitness of Hfr-2xSFX and 2xOriT isolates under several abiotic stressors, including 0.65 M (38 g/liter) NaCl (A), 0.3 M glucose (B), 0.8%
n-butanol (C), growth at 42°C (D), pH 6 (E), and without abiotic stressors (F). Error bars are 95% confidence intervals using the Student t distribution.
Winkler et al.
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ance of the mutants varied widely for the Hfr mutants, with G5
and G6 exhibiting large (25 to 37%) declines in fitness even under
mildly acidic pH. Significant but small decreases in relative fitness
under acid stress were also observed in all Amutants. These results
imply that there is some degree of antagonistic pleiotropy between
tolerance of high osmotic pressures and acid stress, but additional
investigation is needed to confirm this hypothesis.
Interestingly, no isolate had improved n-butanol tolerance in
this case, contrary to previous examples of n-butanol-osmotic
stress cross-adaptation (4, 17). The reasons for this apparent in-
compatibility are unclear, especially given that Dragosits et al. ob-
served a slightly increased level of n-butanol tolerance in an isolate
evolved under continuous 0.3 M NaCl stress (17). Stronger NaCl
selection could disfavor mutations that also improve n-butanol
resistance, as it is reasonable to expect that different levels of os-
motic stress select for distinct tolerance mechanisms. n-Butanol
tolerance is also not always associated with improved osmotic
stress resistance in evolvedmutants (28), so there are at least some
evolutionary paths on both the NaCl and n-butanol landscapes
that lead to divergent tolerance phenotypes. The overall lack of
significant cross-adaptation for the isolates in this case does indi-
cate that specialist mutants with adaptations specific only to NaCl
tolerance are favored under these evolutionary conditions.
Genetic patterns of adaptation. In order to better understand
the genetic bases for the observed osmotolerance phenotypes and
to compare tolerancemechanisms between the sexual and asexual
populations, we sequenced the genomes of A1 to A6 (2xOriT par-
ent) and G1 to G6 (Hfr-2xSFX parent) isolates. A complete list
of mutated genes, their putative functions, and the structure of
each mutation in the isolates is given in Table 1; a full description
of eachmutation is given inTable S2 in the supplementalmaterial.
Many isolates (8/12) harbor likely inactivating frameshift muta-
tions or large deletions within the N-acetylglucosamine (NAG)
catabolic operon (nag), either in the gene encoding the transcrip-
tional repressor nagC or the deacetylase nagA. Amino sugar catab-
olism (see Fig. S4 in the supplemental material) may therefore
have been altered in these strains. Although this adaptation has
not been previously observed in strains evolved under continual
osmotic stress, NAG forms a crucial component of peptidoglycan
(30), and it is readily conceivable that adaptation to high osmotic
stress would involve alterations to cell wall biosynthesis or pepti-
doglycan recycling. Mutations affecting glucosamine-6-phos-
phate biosynthesis have also been identified in evolved isobuta-
nol-tolerant E. coli (12), so this may be a common mechanism of
adaptation to certain membrane-disrupting environmental con-
ditions. Mutants A1, A2, and A3, all containing mutations in
nagA, were unable to metabolize NAG as a sole carbon source as
expected (see Fig. S5 in the supplemental material) (31). G4 un-
expectedly failed to grow as well, despite the fact that the strain
harbors no mutations affecting NAG genes; it is possible that this
strain has a large genomic rearrangement affecting nagA expres-
sion that was not detected in our analysis.
Besides alterations in NAG metabolism, genes encoding cell
shape regulators are frequently mutated in the evolved strains.
Nonsynonymous SNPs in the cell shape-regulating actin homolog
mreB (32) and the peptidoglycan transpeptidasemrdA genes (33)
were identified in five different mutants, suggesting that changes
in cell morphology might also reduce osmotic stress on the cell.
Microscope examination of the affected strains showed neither a
gross difference in cell shape compared to parental controls (data
not shown) nor abnormal filamentation, so the precise effect of
thesemutations remains unclear. Coincidentally, a previous study
examining mreB and mrdA mutations that suppressed an abnor-
mal shape phenotype caused by RodZ deficiency (34) detected an
identical SNP in mrdA, implying that RodZ activity may also be
deficient under osmotic stress. It is difficult to speculate on how
nag andmreBmutations might interact in the A1, A2, A5, and A6
mutants, as they affect related but distinct cellular processes;
changes in mreB-chromosomal interactions may result in altered
cell division or chromosomal segregation, which may in turn af-
fect the amount of NAG precursor generated from peptidoglycan
recycling. Given the seeming ubiquity of mutations affecting both
pathways, it is clear that perturbation of cell shape proteins or
peptidoglycan metabolism is important for osmotic tolerance.
While both groups of mutants had similar mutation rates (see
Materials and Methods), transposon insertions in fimA (type I
fimbriae) and proV (the ATP binding cassette for the proVXW
glycine betaine transporter) were observed only in the A strains.
Fimbrial components, including fimA, are highly upregulated un-
der osmotic stress (35), and a mutation that inactivates fimA pre-
sumably results in conservation of carbon and energy. The rela-
tionship between nagA, nagC, and surface fiber expression may
also play a role in the fitness benefit of fimA inactivation, as the
fimA insertions in A3 and A5 are associated with nagmutations as
well. The inactivation of proV is more peculiar, given its exten-
sively studied role in importing osmoprotectants into the cell (36).
Nonsense mutations affecting proV have been previously ob-
served in osmotolerant mutants (17), providing additional evi-
dence that proV is under negative selection in hyperosmotic glu-
cose minimal medium.
Mutations in several other genes, while not specifically known
to affect osmotic tolerance, were also detected. G1 exhibited both
a synonymous mutation in the cadB lysine transporter and an
intergenic SNP between nmpC (an outer membrane protein asso-
ciated with peptidoglycan) and essD, a holin for the integrated
prophage DLP12. The latter gene has been shown to be important
for cell wall maintenance and biofilm formation (37), which may
explain the distinct mechanism behind G1’s osmotic tolerance.
G3 and G4 were found to have an 84-bp in-frame duplication
(amino acids 370 to 396) within the rpoC subunit of RNA poly-
merase. The duplications occur in region 2 of the protein, which is
responsible for RNA polymerization (38). Due to the role of rpoC
in promoter recognition and sigma factor binding (39), this mu-
tation should result in significant transcriptional and ultimately
phenotypic alterations. Mutations in rpoC (along with rpoB) have
been observed previously in other long-term evolution studies
(27) as well, indicating that a wide range of phenotypes can be
improved via alteration of RNA polymerase components. A small
in-frame duplication was also observed in the essential but un-
characterized hydrolase gene yejM, but the effect of this mutation
is unclear. A range of SNPs in intergenic regions and the coding
sequences of various other genes were also detected, including a
synonymous substitution in treR, a negative regulator of trehalose
biosynthesis, in G3 and the S6 ribosomal protein rpsA in G6.
Other mutations of ribosomal proteins have been found to confer
salt tolerance as well (40) by impairing ribosome maturation, but
further investigation is needed to understand the functional con-
sequences of this particular point mutation.
In order to better understand the effect of these mutations on
osmotolerance, we performed three tests to quantify the fitness
Unraveling Osmotolerance in Escherichia coli
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effect of gene overexpression, compensation, and knockout on an
unaltered host strain (BW25113) and the isolated evolved mu-
tants. Eleven genes (nmpC, yobF, ydjK, mreB, fimA, nagC, nagA,
proV, treR, ydhP, and cadB) were selected for overexpression stud-
ies due to their frequency of mutation or nearby intergenic or
synonymous SNPs (results shown in Fig. 3A). Of all genes tested,
only ydjK overexpression conferred a statistically significant im-
provement in osmotolerance. YdjK is annotated as a putative me-
tabolite transporter, and due to the inclusion of tryptophan in the
evolution medium, we reasoned that it might be an uncharacter-
ized tryptophan transporter. However, YdjK did not confer a ben-
efit in the absence of stress (P 0.25, Student’s t test), so its true
function remains unclear. Overexpression of proV, nagC, or nagA
is also somewhat deleterious under these growth conditions,
though fimA, which underwent transposon insertions in several
independent mutants, did not have a significant effect on host
fitness under these conditions.
Likely inactivating mutations in a small set of genes, including
nagC, nagA, fimA, and proV, were identified in several of theG and
A mutants. Various combinations of these mutations were found
in the evolved mutants, suggesting the presence of potential epi-
static interactions that affect osmotic tolerance. We tested this
hypothesis by systematically reconstructing double and triplemu-
tants containing defined nagA or nagC disruptions, along with
knockouts in fimA and proV. Figure 3B shows the relative fitness of
these knockout mutants versus an unmodified BW25113 strain.
Of the single mutants, only the 
proV strain is fitter than the
reference. Interestingly, the nagA knockout has a large negative
impact on strain fitness, suggesting that the insertion and deletion
mutations identified in the sequenced mutants were not com-
TABLE 1 Mutations identified with genome sequencinga
Strain Gene(s) Function Type Location (no. of bpc)
G1 nmpC, essD Outer membrane protein, holin SNP Intergenic
cadB Lysine, cadaverine transporter SNP A171A
G2 nagCD NAG metabolism Deletion Coding (715)
yhdP Unknown SNP L318R
G3 rpoCb = subunit of RNAP Duplication Coding (2 84)
treR Trehalose regulator SNP S61S
G4 rpoCb = subunit of RNAP Duplication Coding (2 84)
hisCb Histidine biosynthesis SNP T170P
G5 nagC NAG metabolism Deletion Coding (1)
G6 mrdAb Penicillin binding protein 2 SNP Q51L
rpsAb 30S protein S1 SNP Q421K
ydjK Predicted transporter SNP P17S
A1 nagA NAG-6P deacetylase Deletion Coding (1)
bcr Multidrug efflux transporter SNP S8A
A2 mreBb Actin homolog SNP I336L
nagA NAG-6P deacetylase Deletion Coding (1)
A3 mreBb Actin homolog SNP T171S
nagA NAG-6P deacetylase SNP A203E
proV Glycine betaine transporter IS1 Coding (9)
msrB Methionine sulfoxide repair SNP C118F
fimA Fimbriae A IS186 Coding (6)
A4 nagCD NAG metabolism Deletion Coding (1,570)
proV Glycine betaine transporter IS1 Coding (4)
A5 yejMb Predicted hydrolyase Duplication Coding (2 9)
nagC NAG metabolism Deletion Coding (2)
mreBb Actin homolog SNP S185F
fimA Fimbriae A IS186 Coding (6)
A6 nagC NAG metabolism Insertion Coding (1)
mreBb Actin homolog SNP K96Q
bglB Phospho--glucosidase Deletion Coding (1)
yobF, yebO Stress, predicted protein SNP Intergenic
a List of mutations found in each strain (G1 to G6, A1 to A6) relative to their respective parental genotypes. NAG, n-acetylglucosamine.
b Known essential genes (in general and in glucose minimal medium supplemented with tryptophan specifically). The rpoC duplication in G3 and G4 duplicates amino acids 370 to
396 (KKMALELFKPFIYGKLELRGLATTIKA) in domain 2 of the protein (38).
c The number of base pairs corresponding to the mutation (e.g.,9 indicates 9 bp added,1 indicates 1 bp deleted, and 2 84 indicates a duplication of 84 bp).
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pletely inactivating or the inactivation of nagA has a positive syn-
ergistic effect with other mutations in these mutants. As poten-
tial evidence for the presence of synergistic interactions
between mutations, double knockouts of 
nagC and 
proV or

nagA and
fimAwere found to be beneficial in the presence of
NaCl challenge. Only the 
nagC 
fimA 
proV triple mutant
showed improved osmotolerance relative to BW25113. These
combinations did not occur in any mutant, and it is possible
structural differences between the defined knockouts and mu-
tations in the osmotolerant isolates could also influence these
results. Overall, as was the case with overexpression analysis,
these results indicate that these four genes affect the E. coli
osmotolerance phenotype.
An additional way of confirming that the mutations in nagA,
nagC, proV, and fimA play a role in modulating osmotolerance is
to complement themutations in transwith an expression plasmid
and then reassay their fitness under osmotic stress. The results of
this test are shown in Fig. 3C and D and indicate that the effect of
compensation depends heavily on the genetic background of the
particular mutant. Relative fitness of only two nagC mutants (G5
and A4) out of five is decreased by nagC overexpression, while
nagA complementation decreased osmotic tolerance of A1 to A3.
The structure of the nagC mutations does vary significantly be-
tween the mutants, which may explain the lack of concordance in
complementation results. Complementing the proVmutations in
A3 and A4 had no significant fitness effect. While fimA overex-
pression decreased the fitness of A3, it also improved the fitness of
A5 slightly, despite their identical IS186 insertions into the gene. It
is likely that genetic differences between the various mutants and
interactions between other mutations not screened in this assay
also play a significant role in determining the fitness impact of
gene complementation.
Though genome sequencing has revealed several novel loci in-
volved with osmotolerance, the genotype-phenotype relationship
remains unclear. To gain a more complete understanding of how
these mutations translate into improved osmotic stress tolerance,
we applied microarray technology to several A and G mutants
with distinct underlyingmutations to identify transcriptional per-
turbations that may result from their underlying mutations or
altered stress responses.
Mutation-induced transcriptional perturbations. Six se-
quenced mutants, G2, G3, G5, G6, A2, and A4, were selected for
transcriptomic analysis based on their distinct underlying geno-
types and varied levels of osmotolerance and therefore are likely to
FIG 3 Batch growth screening of overexpression, knockout, and compensatory strains to identify their osmotolerance phenotypes in glucose minimal medium
supplemented with 0.55MNaCl. (A) Fitness of overexpression strains relative to the empty vector pCA24N control. Only ydjK expression results in a significant
tolerance improvement. (B) Fitness of knockout strains relative to BW25113; strain genotypes are denoted as follows: C, 
NagC; A, 
NagA; F, 
FimA; and P,

ProV. (C) Overexpression of NagC and NagA in mutants with possibly inactivating mutations in these genes; fitness is relative to the corresponding mutant
with pCA24N. (D) Overexpression of FimA and ProV in mutants with possibly inactivating mutations in these genes, with the empty vector as a reference. All
error bars are 95% confidence intervals based on the Student distribution.
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have diverse tolerance mechanisms. Genes commonly upregu-
lated in these mutants, along with those representing possibly
novel mechanisms, are listed in Table 2. The gene encoding AcrZ,
a small protein associated with the AcrAB-TolC efflux pump
complex known to affect AcrB substrate recognition (41), is
upregulated in all mutants except A4, suggesting that it may be
an important transcriptional adaptation. Sulfonate transport
andmetabolism genes (tauABC, ssuEADC) are also frequently up-
regulated in the mutants. Ordinarily, these proteins are intended
to scavenge sulfur from the environment, but under osmotic
stress, they can also import osmoprotectants such as taurine (42).
This upregulation cannot be explained as simple sulfur starvation,
as the mutants and references were in exponential growth before
RNA harvesting. The proVXW operon, positively regulated by hy-
perosmotic conditions (43), is also overexpressed by G3 and G5,
though proX and proW are also overexpressed in A4, G3, G5, and
G6. This expression patternmay explain the fitness benefit of proV
deletion found in A3 and A4 in terms of energy conservation, as
discussed previously.
Though the 2xOriT and Hfr-2xSFX parental strains are for
themost part isogenic, the latter is a tryptophan auxotroph due to
insertion of the tra operon into the trp locus (18). These four G
strains all exhibited overexpression of the genes encoding the
tryptophan transporter tnaB and tryptophanase tnaA, which con-
verts tryptophan into indole and pyruvate, as has been previously
observed in medium containing tryptophan (44). Indole is a po-
tent signaling molecule involved with various aspects of biofilm
and cell cycle regulation (45), so the physiological effect of excess
indole is likely to be complex. G2, G5, and G6 exhibit statistically
significant increases (P	 0.05, Student’s t test) in indole accumu-
lation compared to the Hfr-2xSFX parent (Fig. 4) under os-
motic stress. A4 produces significantly less indole (P 	 0.045,
Student’s t test) than its 2xOriT ancestor as well. Despite the fact
that G3 has roughly equivalent upregulation of tnaA transcription
to these strains, indole production is similar to that of the wild
type; it could be that the unusual in-frame duplication in rpoC in
this strain results in increased tnaA transcription, but the resulting
mRNA is poorly translated into protein or degraded rapidly due to
posttranscriptional regulation.
Due to the intertwined nature of indole and biofilm regula-
TABLE 2 Overexpressed genes of interesta
Gene COGb Function Strain(s)
acrZ Cell envelope stress response A4, G2, G3, G5, G6
ssuD C Alkanesulfonate monooxygenase G2, G3, G5, G6
proV E Glycine betaine transporter subunit G3, G5
proW E Glycine betaine transporter subunit A4, G6
proX E Glycine betaine transporter subunit A4, G3, G5, G6
tnaA E Tryptophanase/L-cysteine desulfhydrase G2, G3, G5, G6
tnaB E Tryptophan transporter of low affinity G2, G3, G6
entC HQ Isochorismate synthase 1 G3
acs I Acetyl-CoA synthetase G5, G6
ymdC I Cardiolipin synthase 3 G2
fabF IQ 3-Oxoacyl-[acyl carrier protein] synthase II G6
nagC KG Repressor of NAG operon A4, G2
arnC M Undecaprenyl phosphate-L-Ara4FN transferase A2, A4
lpp M Murein lipoprotein A2, A4, G2, G3
ompA M Outer membrane porin A G2
ompC M Outer membrane porin C G2, G3, G5, G6
ompG M Outer membrane porin G A2, A4
ompL M Outer membrane porin L A2, A4
ompX M Outer membrane protein X A2, A4, G3, G5
feoB P Fused ferrous iron transporter G5
fepG P Iron-enterobactin transporter subunit G5
fiu P Catecholate siderophore receptor Fiu G3
ssuA P Putative aliphatic sulfonate binding protein G2, G3, G5
ssuC P Putative alkanesulfonate transporter subunit A2, A4, G2, G3, G6
tauA P Taurine transporter subunit G3, G6
tauB P Taurine transporter subunit G2, G3, G6
tauC P Taurine transporter subunit A4, G2, G3, G5, G6
entE Q Enterobactin synthase complex component G3
entF Q Enterobactin synthase complex component G3, G5
entH Q Thioesterase for efficient enterobactin production G3
tauD Q Taurine dioxygenase, 2-oxoglutarate dependent G3, G6
fadM R Long-chain acyl-CoA thioesterase III G2, G3, G6
ssuE R NAD(P)H-dependent FMN reductase G2, G3, G5, G6
ydcH S Predicted protein G2, G3, G5, G6
yodC S Predicted protein G2, G3, G5, G6
csrA T Carbon source metabolism regulator G2, G3, G5
a Overexpressed genes of interest for A2, A4, G2, G3, G5, and G6 as identified with microarray analysis. The overexpression of all genes listed here is statistically significant at a P
value of0.01. A complete list of overexpressed genes for all strains and their expression ratios is given in Table S3 in the supplemental material. CoA, coenzyme A.
b COG, cluster of orthologous groups.
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tion, we also examined the biofilm formation propensity of the
evolved mutants. Most G and A mutants under osmotic stress
form significantly less biofilm than their ancestral parents (Fig.
5), though G mutants typically had larger decreases than the A
strains. Perturbations in the nag pathway may play a role in
modulating biofilm formation, as both nagA and nagC dele-
tions have been shown to affect surface fiber synthesis, includ-
ing curli (46) and fimbriae (47), due to the accumulation of
intracellular NAG-6-phosphate. Given the large number of de-
tected mutations that may affect biofilm formation or cell wall
properties, this evolutionary route for tolerance improvement
clearly warrants further research to better understand selection
pressures on biofilm synthesis.
Beyond metabolite transporters, several genes involved with
iron uptake (entCEFH, feoB, fepG, fiu) were overexpressed in G3
and G5 as well. Increased expression of iron transport andmetab-
olism genes has been found in evolved mutants with improved
osmotic or n-butanol tolerance (4, 17). Perturbation of iron me-
tabolism may therefore be a contributor to osmotic tolerance,
though the gene encoding the siderophore receptor fiu is also
downregulated in G2 and G6. Genes involved in membrane
composition were also upregulated in many mutants, particu-
larly certain outer membrane porins (ompACGL) along with
the ompX gene. These transcriptional disturbances may repre-
sent an attempt by the mutants to change membrane-sieving
properties in order to reduce osmotic pressure on the cell. The
peptidoglycan-outer membrane tether gene, lpp (murein lipo-
protein), was also overexpressed in four different mutants (A2,
A4, G2, G3), which may indicate that the peptidoglycan wall is
more strongly attached to the outer membrane in these mu-
tants to protect the cell against high external osmotic pressure.
Several genes that encode hypothetical or predicted proteins
(ydcH, yodC) are consistently overexpressed in the G mutants,
but no information about their biochemical roles or relation-
ship with osmotolerance is known.
In contrast to the relative similarities in gene overexpression
under osmotic stress between these six mutants, less similarity is
observed for genes repressed relative to the parental references
(Table 3). The few commonly repressed genes include those cod-
ing for several hypothetical or conserved proteins (yegR, ydeMN,
rtcB) and the transcriptional activator ydeO, known to regulate
acid resistance in concert with EvgA (48). Their repressionmay be
associatedwith the reduced osmotic stress experienced by themu-
tants compared to that of their parents under these conditions, as
these genes are not known to be directly regulated by osmotic
stress. Downregulation of several siderophores and enterobactin
transporters was observed in G2, G5, and G6, including fepA,
which was found to be strongly overexpressed in a previously
evolved osmotolerant E. coli strain (17).
As was the case for upregulated genes, repression of genes in-
volved with peptidoglycan and membrane biosynthesis was sig-
nificantly enriched in the mutant transcriptomes according to
gene ontology analysis. NAG catabolism genes, nagA, nagB, and
nagE, were repressed in A4 and several G mutants. Repression of
many other peptidoglycan or outer membrane-related genes was
observed in A2 and A4, particularly those genes involved with cell
wall maturation (mltD, murC) or lipopolysaccharide synthesis
(rfaZ, kdsB, wbbK). Membrane remodeling therefore appears to
be a significant adaptive response in these mutants. Fimbriae syn-
thesis and assembly genes were also repressed in G5 and G6, lend-
ing credence to the hypothesis that fimA inactivation may be part
of an energy conservation response during laboratory evolution.
Porin synthesis also is perturbed in G3 and G6 by simultaneous
repression of ompF and overexpression of ompC, as is typically
observed under high osmotic pressure (49). The totality of these
transcriptional responses point to wide-ranging changes in gene
expression affecting membrane composition, transport activity,
iron metabolism, and other systems stemming from various un-
derlying genetic changes, to alleviate osmotic stress in these mu-
tants.
Comparison of sexual, asexual adaptation. Evolving popula-
tions are generally genetically heterogeneous and therefore con-
tain competing mutant lineages that have arisen independently.
Clonal interference will generally reduce this diversity, possibly
resulting in amore narrow distribution ofmutant fitnesses within
FIG 4 Levels of indole, normalized by biomass density, for G2, G3, G5, G6,
A2, and A4 mutants, along with the G parent Hfr-2xSFX and A parent
2xOriT. Error bars are standard deviations. G2, G5, and G6 (with asterisks)
have statistically significant increases in indole accumulation compared to
Hfr-2xSFX (P	 0.05, Student’s t test).
FIG 5 Relative biofilm formation by G1 to G6 and A1 to A6 mutants in
glucose minimal medium with 0.55 M (32 g/liter) NaCl. Data are ratios of
mutant-specific biofilm formation to parental formation (G, Hfr-2xSFX; A,
2xOriT) under these conditions. Data are normalized by biomass yield
(OD600). Error bars are 95% confidence intervals.
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asexual populations. To test this hypothesis, we isolated random
clones from the Hfr-2xSFX and 2xOriT populations to evaluate
the degree of fitness heterogeneity within each population and to
determinewhether horizontal gene transfer had a detectable effect
on the population structure. The fitness distributions for these
populations, shown in Fig. 6, show that Hfr-2xSFX lines tended
to have a slightly highermean relative fitness but with significantly
more variance than the 2xOriT replicates at a high level of signif-
icance (P  1.81  104, Kolmogorov-Smirnov test). Genetic
diversity within Hfr-2xSFX lines may therefore be greater than
that of the 2xOriT populations; a likely explanation is that hori-
zontal gene transfer reduces the extinction of beneficial clones due
to clonal interference and drift, resulting in a maintenance of het-
erogeneity that is less likely to occur in an asexual population (50,
51). However, as all populations reached similar fitness endpoints
during the experiment, further adaptation beyond that observed
here could be mutation limited.
In an attempt to further improve the observed NaCl tolerance
levels of the mutants, we performed a short-term mating experi-
ment where the G1 to G6 isolates were mixed together to facilitate
genetic transfer and then propagated under NaCl selection for 5
days. Surprisingly, analysis of clonal isolates from the mixed G
population revealed that the fittest clones were no better than the
original fittest Hfr-2xSFX mutant G6 (data not shown). Ge-
nome sequencing revealed that many of the G mutants have mu-
tations in close proximity or actually overlapping in the case of the
independent nagC mutations. Recombination events capable of
combining these genotypes may therefore be rare. Negative epis-
tasis between other mutations may have also prevented successful
generation of recombinants.
Conclusions. These results provide new insight into the E. coli
osmotolerance phenotype. All isolates exhibited high levels of os-
motolerance as expected, and a surprising lack of cross-adaptation
to other stressors, such as excess glucose, n-butanol, low pH, and
thermal stress. Genomic sequencing revealed novel mutations in
genes related to n-acetylglucosamine catabolism, cell shape regu-
lation, uptake of osmoprotectants, and global regulators such as
rpoC. Many of the mutations occurred in genes known to affect
cell wall or peptidoglycanmaintenance. On a transcriptional level,
membrane and peptidoglycan synthesis, porin expression, sulfo-
nate uptake, and ironmetabolism are all significantly perturbed in
various evolved mutants relative to their parental references and
TABLE 3 Repressed genes of interesta
Gene COGb Function Strain(s)
yegR Predicted protein A4, G2, G, G5, G6
rfaZ Lipopolysaccharide core biosynthesis protein A2, A4
nagB G Glucosamine-6-phosphate deaminase A4, G2, G3, G5
nagE G NAG PTS enzyme: IIC, IIB, IIA components G2, G3, G5
nagA G N-Acetylglucosamine-6-phosphate deacetylase G2, G3
fabD I Malonyl-CoA-[acyl carrier protein] transacylase G6
ydeO K Transcriptional activator for mdtEF G2, G3, G5, G6
rpoB K RNA polymerase,  subunit A2, A4
rpoC K RNA polymerase, = subunit A2, A4
rpoE K RNA polymerase, E factor A2, A4
fimB L FimA promoter invertase G6
bamC M Lipoprotein required for OM biogenesis A2, A4
kdsB M 3-Deoxy-manno-octulosonate cytidylyltransferase A2, A4
mltD M Predicted lytic murein transglycosylase D A2, A4
murC M UDP-N-acetylmuramate:L-alanine ligase A2, A4
murI M Glutamate racemase A2, A4
ompF M Outer membrane porin 1a (Ia;b;F) G3, G6
wbbK M Lipopolysaccharide biosynthesis protein A2, A4
acrA M Multidrug efflux system G6
acrE M Cytoplasmic membrane lipoprotein G5
amiB M N-Acetylmuramoyl-L-alanine amidase II A4
flgJ MNO Muramidase G5
fimC NU Chaperone, periplasmic G5, G6
fimA NU Major type 1 subunit fimbrin (pilin) G6
fimD NU Puter membrane usher protein G5
fimG NU Minor component of type 1 fimbriae G5
fimI NU Type 1 pilus biosynthesis protein G6
ydeN P Conserved protein A2, A4, G3, G5
fiu P Catecholate siderophore receptor Fiu G2, G6
cirA P Catecholate siderophore receptor CirA G6
efeO P Inactive ferrous ion transporter EfeUOB G6
fecD P Iron-dicitrate transporter subunit G5
fepA P Iron-enterobactin outer membrane transporter G6
ydeM R Conserved protein G2, G3, G5
rtcB S Conserved protein G3, G5, G6
a Repressed genes of interest for A2, A4, G2, G3, G5, and G6. The repression of all genes is statistically significant at a P value of0.01. A complete list of repressed genes for all
strains and their expression ratios is given in Table S3 in the supplemental material. CoA, coenzyme A.
b COG, cluster of orthologous groups.
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might be targets of interest for future studies of this phenotype.
Future work will continue to explore the transcriptomic data in
hopes of identifying additional loci influencing osmotic tolerance,
in addition to reconstructing the observedmutations in the A and
G isolates in industrial E. coli strains to improve their osmotoler-
ance under industrial conditions.
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